The selectivity and fast exchange kinetics of porous silica adsorbents containing Cu or K ferrocyanide make them ideal candidates for the column decontamination of 137 Cs effluents.
Introduction
The nuclear fuel cycle produces radioactive effluents, from different sources, that need to be treated specifically before they are released into the environment. An additional potential source of radioactive pollution are effluents from nuclear accidents such as contaminated (fresh and sea) water from the Fukushima disaster. There is therefore a substantial demand for effective yet inexpensive methods to decontaminate the radionuclidecontaminated water, and transfer the contamination into a sorbent easier to manage. 137 Cs is one of the most abundant and hazardous radionuclide because it is found in many types of waste and has a relatively long half-life (30 years). Its selective extraction from the effluent is therefore necessary, but the presence of naturally occurring alkali and alkaline earth ions makes this difficult in contaminated water. This is the context in which Sorbmatech® 202 (S202), a selective adsorbent for Cs, was developed. This material consists of potassium/copper ferrocyanide nanoparticles inserted inside mesoporous silica grains.
Although pure ferrocyanide adsorbents can extract cesium rapidly and selectively, their small grain size means that they cannot be used in fixed-bed columns because of pressure loss and clogging. Their low adsorption kinetics in powder form is also problematic for column processes. One way to overcome these drawbacks is to insert selective ferrocyanide (hexacyanoferrate) nanoparticles in a solid porous matrix to make it amenable to column processes: the porosity of the support and the high surface/volume ratio of the hexacyanoferrate particles inside the pores improves the adsorption rate. Numerous composite solids (organic or inorganic) loaded with hexacyanoferrate particles have thus been proposed for cesium removal in the past few years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The fast Cs + sorption kinetics measured for S202 [11] suggest that this material should remain effective in column processes at high flow rates. Studies in batch processes with freshwater have shown that competitive effects involving naturally present cations should be taken into account however [11] . A model was also developed in this study that reproduced the experimental data points precisely, especially at low Cs + concentrations. Freshwater was therefore chosen as the Cs-containing effluent in the present study of column processes. The conditions investigated here are thereby similar to those in which S202 would be used in practice.
The fixed-bed column behavior of this material was characterized at flow rates much lower that would be used in industrial applications. Therefore, to make our results transposable to higher scales, we investigated the effects of two important parameters-the Darcy (or linear flow) velocity and the geometric ratio of the height (H) of the bed over the diameter (D) of the column (H/D)-whose careful adjustment ensures optimal performance.
The flow rate needs to be high to allow large volumes of effluent to be treated rapidly.
However, the faster the Darcy velocity is, the more convective flow dominates over diffusion, meaning that the cations are adsorbed deeper in the bed or not at all. The maximum capacity of the material is not reached and leakage occurs prematurely from the column. This can be avoided by increasing the depth of the bed to ensure sufficient contact and guarantee that the column flow-through is balanced. Using low H/D ratios may reduce the decontamination efficacy of the column. However, if the H/D ratio is too high, this can lead to load loss at the top of the column, which could increase the cost of the process.
This article presents the experimental procedures and tests performed to optimize the operating parameters for column decontamination using S202. The hydrodynamic flow in the column and measurements of load loss and the distribution of dwell times are then used to model the set of breakthrough curves obtained. Finally, four of the breakthrough curves corresponding to different velocities and geometries are modeled using the reactive transport software Optipur [15] .
Material and methods

Characteristics of the adsorbent and solution used
The synthesis and Cs adsorption properties of S202 in aqueous solutions have been described previously [11] . This material consists of a mesoporous silica matrix with pores around 8 nm in diameter, and grain size of 250-500 µm containing K 2 Cu(Fe(CN) 6 ) nanoparticles that selectively extract Cs. The grains have an irregular, roughly octahedral, shape. As reported previously [11] , the material's specific surface area (S BET = 280 m 2 ·g −1 ) was obtained by measuring nitrogen adsorption-desorption isotherms and applying the BET model [16] . The mean pore diameter (d p = 7.9 nm) was calculated using the BJH model [17] .
The total pore volume (Vp = 0.58 cm 3 ·g −1 ) of the material was obtained from the point on the isotherm at which the relative pressure was equal to 1. The volumetric mass density of the material (ρ = 3.4 g.cm -3 ·mL −1 ) was measured by helium pycnometry. The porosity of the material (equal to 0.17, dimensionless) was then quantified by dividing the pore volume by the density of the material (Vp/ρ).
To account for competition effects and in view of using the process to decontaminate natural water, the Cs adsorption experiments were performed at room temperature in freshwater at pH 7.9 containing 5×10 −4 mol·L −1 Cs nitrate purchased by Sigma Aldrich (purity 99 %). The full composition of the solution used is given in 
Set-up used for measuring breakthrough curves
The setup used for the breakthrough curve experiments is shown in Fig. 1 . The Cscontaining solution was placed in a 5 L Pyrex flask and pumped into the column using a peristaltic pump (Ismatec IP ISM942) for low flow rates or an HPLC pump (RHOS Prep Pump) for high flow rates. A manometer was placed at the column head to measure load loss.
The column flow-through was gathered in an automatic fraction collector (Labomatic Vario-4000) with a three-way valve. The pumps and fraction collector were connected to the column via screw connectors. Table 2 Operating parameters for the breakthrough curve experiments. 
Breakthrough curves
The breakthrough experiments involved measuring the Cs concentration C (mol.L passed through the column was calculated using
where m ads is the total mass of adsorbent (g), and C 0 is the Cs concentration at the entry of the column.
Since, as shown on RTDs curve ( §4.4), there is little axial dispersion in the column (due to hydrodynamic effects or the sorption kinetics), the plug flow reactor model can be used to
Since ferrocyanides are known to be very selective for Cs [19, 20] , the spread of these breakthrough curves depends mainly on the exchange kinetics and the operating conditions. 
Flow hydrodynamics: residence-time distribution
Modeling
Column and grain models
The packed column was modeled as containing two separate porous media, zones I and II, corresponding respectively to the aqueous solution between the grains and the adsorbent grains themselves (Fig. 2) . Zone I is strongly connected while in the grains, transport was assumed to be purely diffusive. Ion exchange reactions occurred in the grains only. The total porosity of the column (ε) is influenced by the porosity of the bed (ε I ) and of the grains (ε II = 0.17 for S202, as mentioned in section 2.1) as follows [21] : To support the interpretation of the modeling results, the grains were assumed to be divided into two regions, an inner sphere and an outer shell (Fig. 3) . 
Column hydrodynamics
The hydrodynamics of a column can be characterized by its RTD, measured at column exit as described in section 2.4. The shape of the RTD reveals the presence (or not) of stagnation and/or preferential paths in the column. The RTD is the normalized output (Exit) concentration E(t):
As this is a statistical distribution, the mean residence time ! (s) is equal to the first moment of the RTD:
Assuming an axially-dispersed plug flow, the RTD can be expressed in terms of the dispersion Péclet number, Pe [22] :
where (s) is the ideal residence time under continuous flow:
The more convective (diffusive) the flow is, the higher (lower) the Péclet number is and the more the reactor behaves like an ideal plug flow reactor. In practice, when Pe ≥ 100, dispersion can be neglected. The Péclet number and the total porosity of the column (ε) were obtained by fitting the experimental E(t) curves using Eq. 5. The values obtained were then used as inputs for Optipur calculations based on a general transport model.
Modeling reactive transport in a packed column
As depicted in Fig. 2 , a packed column is characterized by two overlapping porous media (zone I and zone II). The transport model was adapted to this situation by assuming that exchange between the two media is purely diffusive.
Three different mechanisms contribute to transport in the column bed (zone I): convection, molecular diffusion and kinematic dispersion. Intra-grain (zone II) transport involves only a purely diffusive term, ! ! .
Therefore, the system of transport equations describing the two zones (I and II) is
where ! ! is the total concentration of an ion or chemical species i in solution (mol.L -1 ), and
is the source-term depending of the sorbed concentration ! !! of the ion inside the grain (mol.L -1 ).
Transport in zone I is calculated according to
where is the Darcy (linear flow) velocity and D is the diffusion/dispersion coefficient,
with e I (m 2 ·s −1 ) being the effective diffusion coefficient, and α (m) the dispersivity coefficient of the medium. The axial dispersivity coefficient of the zone I is the ratio of the height of the column and the dispersion Péclet number:
The diffusive term between zone I and zone II is expressed as a simple transfer of mass,
where ! is the mass transfer coefficient (m·s −1 ) and ! (m 2 ·m −3 ) is the specific exchange surface between the two zones, in this case, the volumetric specific surface of an adsorbent grain. The mass transfer coefficient depends on the effective diffusion coefficient in zone II (the grains):
where δ (m) is the characteristic distance between the surface of the grain and the sorption sites.
The reactive transport code Optipur [15] solves this system of equations sequentially and iteratively. There is a partial decoupling of the chemistry and transport equations. Within a single time-step, there is a cycle of iterations between transport and chemistry until convergence is reached. Optipur can handle two interfaces or populations of grains, and a diffusion term ! ! was calculated for each. The spherical core model of the grain given in Fig.   3 is not explicitly implemented in the code, but it is modeled as two interfaces or populations of grains.
All chemical reactions (including cation exchange) were calculated at thermodynamic equilibrium without any kinetics using the EQ3/6 thermodynamic database [23] . That is to say kinetics of exchange was introduced through the diffusive term ! ! only. The full ion exchange mechanisms in S202 (Na-K-Cs-Ca-Mg) and the corresponding dataset of exchange coefficients were then taken into account thanks to the previous results detailed elsewhere [11] . The most important exchange reaction in this system was the exchange of a cesium ion from the solution with a potassium ion from the ferrocyanate:
but the competitive effect of Ca 2+ and Mg 2+ present in the freshwater were also considered in this database, and then in the present modeling.
Results and discussion
Influence of the bed height
The breakthrough curves obtained for experiments T1, T3 and T7 (Table 2) 
Influence of the Darcy velocity
Fig . 5 shows the breakthrough curves obtained for the four experiments T1 -T4 (Table   2 ). While the performance of the column is poorer at U = 10 m·h −1 than U = 2 m·h show that the material retains its maximal adsorption capacity even at high flow rates. 
Influence of the column diameter
Wider columns have better hydrodynamics because edge effects become negligible. Fig. 6 shows the breakthrough curves obtained for experiments T1, T5 and T6 (Table 2) .
Decreasing the diameter of the column from 2.5 to 1 cm has almost no effect on the corresponding breakthrough curves when the bed height and Darcy velocity are kept fixed at 5 cm and 2 cm·h 
RTD experiments and modeling
Fig . 7 shows the RTDs measured for this system, plotted as a function of reduced time
, alongside the best-fit models of these data obtained as described in section 3.2. These fits yield values for the Péclet number and the total porosity of the column as a function of the Darcy velocity (Table 3) . The mean residence times calculated using Eq. 4 are roughly 10 % longer than the ideal residence time under continuous flow . This is probably related to some delay of the RTD tracer due to diffusion inside the grains, process not explicitly taken into account by Eq. (5).
Nonetheless, this difference of 10 % was deemed negligible and ! was taken to be equal to . Table 3 Parameters obtained by adjusting the hydrodynamic model of the system so that it reproduced the experimental residence time distributions. , mean residence time; , ideal residence time under continuous flow; ε, total porosity of the column; P e , Péclet number; α, axial dispersivity coefficient. Table 3 shows that the Péclet number is within the range 15 -25, i.e. not too far from the threshold for an ideal plug flow reactor (P e ≥ 100). There is no clear trend of the Péclet number with respect to Darcy velocities between 2 and 10 m/h (the fitting procedure was not highly accurate due to the rather reduced set of experimental data). The axial dispersivity coefficient slightly varies with the Darcy velocity but remains close to 10 −3 m. Tables 4 and 5 list the parameters that were used as inputs for the model. Most of the parameters of Table 4 were measured directly, except dispersivity and bed porosity that were fitted from the RTDs (section 4.4).
Modeling reactive transport in the column
Measured and fitted input parameters
Table 4
Fixed parameters in the model used to reproduce the breakthrough curves measured in experiments T1, T2 and T4 (Table 2) .
Experiment (Table 2)  T4  T1  T2 U (m·h −1 ) 10 2 10 Experiments, Table 2 α (m) 2×10
Fits of RTDs, section 4.4
Ref. [24] Bed porosity I 0. The effective diffusion coefficient in zone I, e I , for inter-grain diffusion, was set to the mean of the diffusion coefficients of Cs + and K + in water, namely 2×10 −9 m 2 ·s −1 . The adjustable parameters listed in Table 5 were obtained so that the simulated breakthrough curve matched the one measured for experiment T4 (Table 2) . These parameters were then kept fixed to calculate the curves corresponding to experiments T1 and T2.
Two sets of adjustable parameters in the model were derived from the breakthrough curve of Cs. The first set was the volumetric specific surface area of the grains and the relative proportions of the two populations (Table 5 ). Relying upon the conceptual model depicted in Fig. 3 , these parameters correspond to a spherical particle with a diameter of 83
, distributed in an inner sphere of 58 µm in diameter (35 % of the total volume) and an outer shell of 24 µm thick (65 %). The overall diameter of the sphere is rather low compared to average size of the S202 grains. This is partly explained by the fact that the grain shape is roughly octahedral with narrower peaks and that the sorption sites are probably more localized at the periphery of the grains than in the core (whereas the model assumes a homogeneous distribution within the grain).
The second set is the mass transfer coefficients reported in [25] and smectites [26] . Table 5 Adjustable parameters in the model used to reproduce the breakthrough curves measured in experiments T1, T2 and T4 ( Fig. 8 shows that the breakthrough curves obtained using this model are in good agreement with those measured experimentally for Cs + and K + , particularly for experiment T4, which was used to adjust the model parameters. Without using diffusive transfer between the zone I and II (black line of T4 in Fig. 8 ), the calculated breakthrough is very straight and fails to simulate the slight leakage before the front as well as the retardation after the front. The stepwise shape indicates that hydrodynamic dispersion has no effect on the Cs breakthrough curve contrarily to the breakthrough curve of an unreactive species that presents a sigmoidal shape (not shown here). The stiffness is due to the strong sorption (affinity) of Cs on S202.
Modeling of breakthrough curves
Using a model with an inner sphere and an outer shell allows to closely account for different features of the breakthrough curves. Indeed, the outer shell reproduces the initial part of the breakthrough curve, which is rather straight for T1. This behavior is consistent with the very high rate of sorption kinetics measured in a batch test with S202 grains [11] . The open porosity of S202 grains allows fast diffusion of Cs inside the solid support on the one hand, and the nanosize of the KCuFC particles inserted into this porosity leads to fast diffusion inside the adsorbent on the other hand. However, as correctly simulated by the model, the breakthrough curves are more curved when the Darcy velocity increases (i.e. Cs is no more fully sorbed in the T2 and T4 tests). The inner sphere reproduces the last spreading (retardation) of Cs breakthrough, experimentally observed for all tests. In this model, this is explained by a diffusion becoming slower, the greater the depth is inside the grains.
A more smoothly description of the porous grains in the model (i.e. more than two spheres or populations) would lead in turn to smoother breakthrough curves and better agreement with the experimental data. The spherical two-zones approach remains a reasonable conceptual model but other explanations may explain the retardation in the breakthrough curves. Fig. 8 In the mixed bed model used to calculate breakthrough curves using the Optipur code, the S202 grains were represented by an inner sphere and an outer shell. The number of adsorption sites and the diffusion coefficients in these two regions was adjusted by assigning a specific mass transfer coefficient to each one. This improved the modeling of Cs diffusion within the grains and the agreement between the experimental and simulated breakthrough curves. Since these experiments were performed with Cs + concentrations far higher than those typically found in radioactive effluents, the good agreement between the measured and simulated decontamination factors will have to be confirmed for experiments with 137 Csdoped freshwater.
The properties of S202 measured here show that it is an excellent candidate for opencircuit effluent decontamination processes (in which the flow-through is released into the environment). This behavior and the accuracy of the model developed in this study remain to be confirmed on a pilot scale.
